ABSTRACT: Surface water and air volatile organic compound (VOC) data from 10 U.S. Geological Survey monitoring sites were used to evaluate the potential for direct transport of VOCs from the atmosphere to urban streams. Analytical results of 87 VOC compounds were screened by evaluating the occurrence and detection levels in both water and air, and equilibrium concentrations in water (C w s ) based on the measured air concentrations. Four compounds (acetone, methyl tertiary butyl ether, toluene, and m-& p-xylene) were detected in more than 20% of water samples, in more than 10% of air samples, and more than 10% of detections in air were greater than long-term method detection levels (LTMDL) in water. Benzene was detected in more than 20% of water samples and in more than 10% of air samples. Two percent of benzene detections in air were greater than one-half the LTMDL in water. Six compounds (chloroform, p-isopropyltoluene, methylene chloride, perchloroethene, 1,1,1-trichloroethane, and trichloroethene) were detected in more than 20% of water samples and in more than 10% of air samples. Five VOCs, toluene, m-& p-xylene, methyl tert-butyl ether (MTBE), acetone, and benzene were identified as having sufficiently high concentrations in the atmosphere to be a source to urban streams. MTBE, acetone, and benzene exhibited behavior that was consistent with equilibrium concentrations in the atmosphere.
INTRODUCTION
Exposure to volatile organic compounds (VOCs) can be a human health concern because they may cause adverse health effects at relatively low microgram per liter concentrations. The water quality criteria and toxicity levels for VOCs are summarized in Rowe et al. (1997) . Although the concentrations of VOCs in small urban streams are typically well below human or aquatic health standards and guidelines (Bender et al., 2009) , effects due to long-term exposure to concentrations below drinking water standards and to mixtures of VOCs are unknown (Carter et al., 2008) . VOCs are released into the environment during their production, distribution, storage, handling, and use and can enter both surface water and groundwater supplies from many point and nonpoint sources (Lopes and Bender, 1998) . Once in the environment, VOCs can be transported between air, surface water, or groundwater depending on environmental conditions, individual compound properties, and concentrations. Baehr et al. (2001) found that atmospheric methyl tert-butyl ether (MTBE) concentrations were high enough in southern New Jersey to cause detection in shallow groundwater at concentrations greater than 0.05 lg/l which would indicate a possibility for atmospheric transport to surface water. The numerous point and nonpoint sources and physical and chemical properties of VOCs have resulted in their frequent detection in ambient air (Lopes and Bender, 1998; Pankow et al., 1998 Pankow et al., , 2003 Baehr et al., 1999) , groundwater (Squillace et al., 1996 (Squillace et al., , 1999 Baehr et al., 1999; Moran et al., 2005) , and surface water (Baehr and Zapecza, 1998; Lopes and Bender, 1998; Lundgren and Lopes, 1999; Bender et al., 2000 Bender et al., , 2009 . Detection frequencies for VOCs range from 20.7% (PIPT, p-isopropyltoluene) to 83% (toluene) in urban streams and from 64.6% (trichloroethene) to 89.0% (toluene) in urban air. With documentation of the frequent occurrence and distribution of VOCs throughout the environment, emphasis is being placed on identifying and characterizing sources and pathways for VOCs within the hydrologic cycle (Zogorski et al., 2006) . To reduce and or control the concentration levels of VOCs in surface water, it is essential to identify and understand the role of different sources.
Age dating of groundwater using chlorofluorocarbons is based on the premise that the atmosphere can serve as a source to groundwater through infiltrating precipitation (Plummer et al., 1993) and through the vadose zone by gas-phase diffusion (Weeks et al., 1982) . Various studies have evaluated transport of VOCs from the atmosphere to shallow groundwater by means of precipitation infiltration and direct gas-phase diffusion Squillace et al., 1997; Baehr et al., 1999; Johnson et al., 2003) . These studies present that VOCs can move from shallow groundwater back to the atmosphere through diffusion, vaporization, and evapotranspiration. Pankow et al. (1997 Pankow et al. ( , 2003 infer that VOCs can volatilize from surface water and shallow groundwater to the atmosphere or move from the atmosphere to surface water and groundwater.
Atmospheric deposition of toxic chemicals (including some VOCs) has been a topic of extensive study as part of the Great Lakes Water Quality Agreement to characterize atmospheric loadings relative to other loading sources (Hoff et al., 1996) . These studies have identified that gas absorption for polychlorinated biphenols (PCBs considered semivolatile), in comparison to particulate deposition at the air-water interface, is the most important transport mechanism in urban areas and becomes increasingly important as distance increases from urban areas (Hoff et al., 1996; MacKay and Bentzen, 1997; Baker, 2000) . VOCs are nearly 100% in the gas phase, thus gas absorption at the air-water interface is the primary transport mechanism. However, these studies also identified volatilization as an important gas transfer process from surface waters to the atmosphere, indicating a net loss from the surface of lakes for some semivolatile organic compounds (PCBs, dieldrin, hexachlorobenzene, dichlorodiphenyldichloroethene, phenanthrene, and pyrene) and a net gain to the surface of lakes for others (p,p 0 -dichlordiphenyltrichoroethane and alpha-hexachlorocyclohexane) due to seasonal variability in these processes. Hoff et al. (1996) identified the need to have short-term concurrent measurements in both water and air for more accurate estimation of mass transfer rates. Bender et al. (2000) evaluated the atmospherewater interaction of chloroform, toluene, and methyl tert-butyl ether (MTBE) in two small perennial urban streams and suggested that the atmosphere may be a source of MTBE but not a source of chloroform or toluene.
Equilibrium between a stream and the atmosphere can be thought to occur in three ways: (1) the stream is contaminated with a VOC, outgases to the atmosphere, reaches equilibrium with the atmosphere, and sets the atmospheric concentration; (2) the atmosphere is contaminated with a VOC, ingases to the stream, reaches equilibrium with the stream, and sets the stream concentration; or (3) some combination of 1 and 2, whereby equilibrium is only a momentary condition as concentrations change due to variable loadings. It is relatively easy to discount the first and third possibilities due to the relative volume and thus storage capacity of a stream vs. the atmosphere because the atmosphere has storage capacity orders of magnitude larger than the stream. The hypothesis here is that when the stream water is at or below equilibrium with the atmosphere (i.e., surface water is undersaturated relative to the air concentration) for a given VOC, it is possible that the atmosphere is serving as an important source of that VOC to surface water through gas partitioning. Also, when a stream is contaminated to a concentration level greater than the equilibrium with the atmosphere, the VOC will outgas until it comes back to equilibrium.
The purpose of this study was to characterize the role of the atmosphere as a potential source of VOCs to small, perennial urban streams that do not have substantial point-source discharges in their watersheds. VOC data from surface water and ambient air JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION samples collected as part of the U.S. Geological Survey's National Water Quality Assessment (NAWQA) Program, herein called monitoring sites, were used in the analyses. Details of the site selection and sampling design of these urban stream monitoring sites, which in NAWQA are referred to as urban intensive fixed sites, are provided elsewhere (Lopes and Price, 1997) . The analysis consists of (1) a screening evaluation of detections in both water and air, (2) a comparison of ambient concentrations measured in surface water to water-equilibrium concentrations, (3) a statistical comparison of paired ambient surface water concentrations and equivalent water-equilibrium concentrations, and (4) a statistical and graphical evaluation of seasonal variability.
METHODS
Surface water sampling followed guidelines established for the collection of samples for low-level determination of VOCs (Shelton, 1997) . Grab samples were collected at the mid-depth and centroid of the stream (Bender et al., 2000) at a section with uniform well-mixed flow. A total of 323 surface water samples were collected and analyzed for 87 VOC analytes. The analytical method for surface water samples is described in detail by Connor et al. (1998) and summarized by Bender et al. (2000) . The method consisted of purge-and-trap gas chromatography/mass spectrometry (GC/MS) using a 25-ml water sample. Compounds were identified by strict criteria, quantified to sub-lg/l levels, and quantifications below calibration standards were qualified as estimated (Oblinger Childress et al., 1999; Bender et al., 2000) . Long-term method detection levels (LTMDL) for water analyses ranged from 0.008 to 2.9 lg/l for trichloroethene (TCE) and acetone, respectively (Connor et al., 1998) .
The air samples were collected and analyzed for 87 VOC analytes according to the method presented by Pankow et al. (1998) . The total number of air samples analyzed for each parameter ranged from 296 to 302. Briefly, each sample was obtained using two sorbent cartridges: (1) a low volume (~1.5 l) cartridge containing 50 mg of Carbotrap B followed by 280 mg of Carboxen 1000 (Supelco Inc., Bellefonte, Pennsylvania), and (2) a high volume (~5 l) cartridge containing 180 mg of Carbotrap B followed by 70 mg of Carboxen 1000 (Supelco Inc.). Sample air was drawn through the cartridges using a programmable sampling pump (224-PCXR8, SKC Inc., Eighty Four, Pennsylvania). Samples were collected over a time period that ranged from 1 to 24 h using a flow rate of 30-50 ml/min (Pankow et al., 2003) and a periodic on/ off sampling cycle to achieve the desired sample volume. Analyses were completed by adsorption/thermal desorption GC/MS. The VOC analytes are listed in Pankow et al. (1998) . The VOC analytes ranged in volatility from dichlorodifluoromethane (CFC-12, H΄ = 13.2) to 1,2,3-trichlorobenzene (H΄ = 0.0358) and method detection limits (MDLs) ranged from 0.02 to 0.06 part per billion by volume for the 87 analytes (Pankow et al., 1998) .
Monitoring program characteristics of surface water and ambient air sites are presented in Table 1 . The air samples at the LINJ and SACR sites were collected at a fixed time interval that did not coincide with the dates of water samples. The water and air samples were paired based on the closest sampling dates. The LINJ site was characterized by three air monitoring locations (Coles Farm, Rowan College, and Turnersville) distributed throughout the Great Egg Harbor River watershed. The absolute time differences between surface water and air samples for the LINJ site ranged from zero to seven days with an average difference of three days. The SACR air monitoring site was colocated with the California Air Resources Board site at Roseville and within the Arcade Creek watershed. The absolute time differences between surface water and air samples for the SACR site ranged from zero to eight days with an average difference of 4.8 days. Concurrent water and air samples were collected at the other monitoring sites (ACAD, DELR, MIAM, NECB, SANA, and UIRB) (Lopes and Price, 1997) .
The distribution or partitioning of a compound between air and water commonly is described by the dimensionless Henry's Gas Law constant (H΄ = H/ RT), which is the ratio of Henry's Gas Law constant (H) to the product of the universal gas constant (R) and temperature (T). The dimensionless form defines the number of molecules (i.e., mass) dissolved in air (C a ) vs. water (C w ). For values greater than (>) 1 (C a > C w ), the compound is predominately in the air phase, and for values less than (<) 1 (C a < C w ), the compound generally is dissolved in the water. Values of H΄ for toluene and MTBE are 0.2267 and 0.0260, respectively, and support the findings of Bender et al. (2000) . The magnitude and direction of transport depends on the relative concentrations in air and surface water. Air concentrations {C a (moles per cubic meter [mol/m 3 ])} were converted to an equivalent water-equilibrium concentration (C w s [mol/m 3 ]) on the basis of the dimensionless Henry's Law constant (H΄) corrected for temperature using the van't Hoff relation (Denbigh, 1966) . Specifically: The sampling period analysis represents the time period during which paired surface water and ambient air samples were available and analyzed in this study.
2 USGS, 2009.
3
Only peak-flow data are available. Value reported is the average of 29 instantaneous peak-flow measurements.
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where H has dimensions of Pascal cubic meters per mole (Pa-m 3 /mol) or joules per mole (J/mol), A and B are compound-specific regression coefficients, R is the gas constant (=8.3145 J/mol per degree Kelvin [J/ mol°K]), and T is the temperature in degrees Kelvin (°K). By analogy with water saturation by minerals (Pankow, 1991) , the saturation index (SI) for a given VOC from air is defined as
where C w is the measured surface water concentration. Statistical comparisons of paired surface water/ equivalent water-equilibrium concentrations (C w /C w s ) were made using a Wilcoxon rank-sum test (Insightful Corporation, 2001) for paired data. The test was run for the null hypotheses (H o ) that the median concentrations for both datasets are equal (C w = C w s ) and for three alternative hypotheses (H a ): (1) the median C w s is not equal to the median C w , (2) the median C w is greater than the median C w s , and (3) the median C w is less than the median C w s . Seasonality in both C w and C w s was evaluated by comparing the concentrations during the cold period (October through March) and the warm period (April through September) also using a Wilcoxon rank-sum test. When the p-value for the calculated z statistic is >0.05 a strong statistical difference is not indicated between the cold and warm period concentrations; subsequently not an indication of seasonal differences. When the p-value is ≤0.05, the difference between the cold and warm period samples indicates statistically significant seasonal differences.
SCREENING EVALUATION OF COMPOUNDS
Analytical results of the 87 VOCs were screened by evaluating the occurrence, C w , and C w s . For determinations of VOCs at all sites, the following evaluation was done to identify compounds that have a potential persistent equilibrium between surface water and air. First, each VOC was placed in one of four air-occurrence categories: (1) detected in more than 10% of air samples (number of compounds [n] = 44), (2) detected in less than 10% of air samples (n = 25), (3) not detected in air (n = 19), and (4) not analyzed in air (n = 3). VOCs in categories 1 and 2 were further grouped based on C w s : (a) for more than 10% of detections in air, C w s was greater than the LTMDL in water (atmosphere is possible source), (b) for more than 2% of detections in air, C w s was greater than one-half the LTMDL in water (infrequently detected at marginal concentrations), and (c) for less than 1% of detections in air, C w s was greater than one-half the LTMDL in water (rarely detected at marginal concentrations).
In addition, each VOC was grouped into five surface water occurrence categories: (1) detected in more than 20% of surface water samples (n = 14, detected frequently in water), (2) detected in more than 10% but less than 20% of surface water samples (n = 11, detected in water), (3) detected in less than 10% of surface water samples (n = 24, not detected frequently in water), (4) not detected in surface water samples (n = 38), and (5) not analyzed in surface water samples (n = 4).
From the screening evaluation, acetone, MTBE, m-& p-xylene, and toluene were detected in more than 20% of surface water samples and in more than 10% of air samples, and more than 10% of the C w s values were greater than the LTMDL in water. Benzene was detected in more than 20% of surface water samples and in more than 10% of air samples; more than 2% of the C w s values were greater than 0.5*LTMDL in water. Six VOCs -chloroform, methylene chloride, perchloroethene (PCE), PIPT, 1,1,1-trichloroethane (1,1,1-TCA), and TCE were detected in more than 20% of surface water samples and in more than 10% of air samples; less than 1% of the C w s values were greater than 0.5*LTMDL in water.
DEGREE OF SATURATION AND COMPARISON OF CONCENTRATIONS
For the 11 compounds identified in the screening evaluation as having a potential persistent equilibrium between surface water and air, the level of saturation in surface water relative to air was calculated for each case when a given VOC was detected simultaneously in corresponding water and air samples. When SI = 1, the stream is in equilibrium with the air. The degree to which SI 6 ¼ 1 is a measure of the degree of departure from equilibrium. For example, a SI = 1.5 indicates that the stream is supersaturated by 50% and the VOC can volatilize to the atmosphere. Conversely when the SI < 1 the stream is undersaturated and the VOC can diffuse from the atmosphere to surface water. Persistence of SI = 1 would indicate that the atmosphere is sustaining equilibrium in the surface water. A summary of the percent detection in surface water and air, median SI value, percentage of SI values <1, and H΄ is presented in Table 2 . These 11 compounds have relatively high detection frequencies in both surface water and air.
The compounds 1,1,1-TCA, PIPT, chloroform, PCE, and TCE have median SI values >1 and no SI values <1; for these compounds, the atmosphere is not a primary source. The concentrations of these VOCs in streams are sustained above equilibrium by other sources and will tend to volatilize to the atmosphere. Methylene chloride, toluene, and m-& p-xylene form the next grouping with median SI values of 3.7, 2.9, and 2.3, respectively, and percent SI values <1 of 14.3, 20.3, and 12.0, respectively. For these compounds, the atmosphere could be a primary source at times, but for the majority of the time, other sources are likely dominant.
A probable scenario for these compounds would be that other sources increase the concentration to above equilibrium, during which time volatilization occurs until the stream has reached equilibrium. At this point volatilization and absorption are balanced and the atmosphere is not a substantial source but sets the stream concentration at the atmospheric level. MTBE, benzene, and acetone have median SI values of 1.9, 1.3, and 1.1 respectively, and percent SI values <1 of 44.6, 32.4, and 43.5, respectively. The order of magnitude represented in Figure 1 and in Table 2 demonstrate the variability of concentrations in the atmosphere and in surface water; and that these are changing all the time. The state of equilibrium does not likely persist for any extended time as they respond to changes in the atmospheric concentration and temperature. But the condition for absorbtion, SI < 1, does exist for a significant period of time to indicate the atmosphere is a source.
Statistical analysis of the paired surface water/ equivalent water-equilibrium concentrations (C w /C w s ) for acetone, benzene, m-& p-xylene, MTBE, and toluene (i.e., data that were not reported as an NA [not analyzed] or < [not detected]) is presented in Table 3 . For toluene and m-& p-xylene, surface water concentrations were not equal to equivalent water-equilibrium concentrations and tended to be greater (p < 0.001). Surface water MTBE concentrations tended to be greater than equivalent water-equilibrium concentrations at a = 0.05 and were not equal at a = 0.10 (Table 3 ). In contrast, surface water concentrations for acetone and benzene were not significantly different from equivalent water-equilibrium concentrations (p > 0.05). The statistical analyses support the interpretation of SI values.
These characteristics can be observed in plots of SI vs. C w (Figure 1 ) and box plots of SI for each compound (Figure 2 ). When SI consistently plots near one, vs. C w (Figure 1 ) (flat slope), this indicates persistent equilibrium with the atmosphere and support the atmosphere as a consistent source (acetone and benzene). Changes in SI values with C w (Figure 1 ) indicate a dominant source other than the atmosphere. A discontinuity in the slope, where the data indicate no slope at lower concentrations and an increasing slope at higher concentrations, indicates different sources under different conditions such as changing flows or seasons. Similarly, Figure 2 shows that the SI values for acetone and benzene centered around equilibrium (SI = 1.0); although the median for MTBE is near equilibrium there are more values above equilibrium. For m-& p-xylene and toluene more than 75% of the data are greater than equilibrium.
Seasonal Covariation
The data (for all monitoring sites) in two seasonal periods (cold period: October through March and the warm period: April through September) were independently compared for the five VOCs indicating the atmosphere as a potential source using a Wilcoxon rank-sum test (Table 4) . For toluene, no seasonal pattern was observed at the ACAD, DELR, or SANA (Warm Creek) sites, and C w ≥ C w s for toluene and thus do not indicate the air as a potential source at these sites. At the LINJ and SACR sites, the C w s values for toluene presented a strong seasonal pattern but the C w values did not indicate a strong seasonal pattern. This again indicates that the atmosphere is not a consistent potential source of toluene to streams. MTBE at the LINJ, SACR, and DELR sites demonstrated seasonality for both the C w and C w s values. At the SANA site, neither the C w values nor the C w s values indicated seasonality. For MTBE, all sites had C w values equal or nearly equal to the C w s values, which indicate the atmosphere as a potential source of MTBE to streams throughout the year. For benzene, the Wilcoxon rank-sum test indicated a strong seasonal pattern for both the C w and C w s values (Table 4) . Also, the C w s values tended to be ≥C w values, which supports the atmosphere as a potential source of benzene to streams. For acetone no seasonal pattern was indicated for either the C w or C w s values (Figure 3 ). The C w s values tended to be ≥C w values for acetone, which indicates the atmosphere as a potential source for acetone to streams.
Box plots for MTBE, acetone, and benzene at selected sites are included to show the seasonal characteristics (Figure 3 ). These plots show the general seasonal relations observed for MTBE, benzene, and acetone. Observed seasonality was consistent among sites for MTBE and benzene. The strongest indication of seasonality was observed in the C w s values for MTBE and benzene associated with the LINJ site (Coles Farm, Rowan College, and Turnersville).
In general, the LTMDL makes it difficult to interpret a strong seasonality in the surface water concentration data due to too many censored data points in seasons when concentrations could be much lower; however, one distinction is the higher C w values that coincide with the higher C w s values, primarily during winter.
Shallow Groundwater Concentrations
Stream monitoring sites were selected to avoid point sources. Few samples were collected during periods of stormwater runoff thus the stream concentrations of VOCs primarily represent base-flow conditions. When considering the atmosphere as a sustained source to these small urban streams, the occurrence of VOCs in nearby shallow groundwater also needs to be considered as a possible contributing source. VOC sample results from shallow wells closest to the stream monitoring sites were queried from the NAWQA database for shallow groundwater in urban areas (USGS, 2008) to identify and consider shallow groundwater as a potential source. The total number of samples, number of detections, percentage of detections, and the watersheds within which groundwater detections occurred are provided in Table 5 . The groundwater sites were selected visually using geographic information system plots of well locations and the watershed boundaries for the monitoring sites. Sites with shallow groundwater monitoring locations within their watershed area are DELR, LINJ, NECB, SACR, and SANA. For the sites with shallow groundwater monitoring wells, the number of wells within any one watershed ranged from one to three with multiple samples collected at each well. Results from a total of 30 samples were available for each compound.
Overall, the groundwater data in proximity to these sites were sparse. The key observation from the groundwater data is that the compounds that have C w values >C w s values -MTBE, toluene, and m-& p-xylene -were detected in more than 10% of samples (16.7, 26.7, and 13.3%, respectively) in the groundwater (Table 5 ). For the compounds that have C w values generally equal to C w s values, no compounds were detected in groundwater except for MTBE. Shallow groundwater concentrations of VOCs can affect concentrations in streams, serving as a consistent source of VOCs. From the available shallow groundwater data, toluene and m-& p-xylene were detected in 26.7 and 13.3% of the samples, respectively, and the SACR and SANA sites had groundwater detections within their watershed areas. Shallow groundwater is a potential source for toluene and m-& p-xylene and is a probable source other than the atmosphere for these compounds and sites. MTBE was detected in 16.7% of samples, and the DELR, LINJ, and NECB sites had groundwater detections within their watersheds. Benzene was detected in 3.3% of samples, with one detection in the watershed for the SANA site. Acetone was not detected in shallow groundwater.
DISCUSSION
Many VOCs have been detected frequently in urban streams and it is necessary to identify and characterize the source of these VOCs to reduce or minimize their concentration levels. From the preliminary screening based on occurrence in water, occurrence in air, and comparison of C w s with C w , 5 VOCs (out of 87 analyzed) were identified as having the atmosphere as a potential source -toluene, m-& p-xylene, MTBE, acetone, and benzene. Table 6 provides the median SI value and the percentage of SI values <1 for the monitoring sites and compounds for which air/stream equilibrium is indicated by the SI values discussed above.
Overall, C w values tended to be greater than the calculated C w s values for toluene and m-& p-xylene 
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( Figure 2 ). The overall median SI for toluene was 3 with 20.3% of SI values <1 (Table 2 ) and a maximum SI value of 1,000 at the UIRB site. The overall median SI for m-& p-xylene was 2 with 12.0% of SI values <1 (Table 2 ) and a maximum SI value of 302 at the MIAM site. The Wilcoxon rank-sum test indicated that C w values for both toluene and m-& p-xylene were not equal to and tended to be greater than the respective C w s values (a = 0.05) (Table 3) . However, the C w s plots and SI values indicate that at times some sites are at or near equilibrium conditions. For example, the LINJ, MIAM, SACR, and SANA sites had median SI values of 1 or 2 for toluene (Table 6) with an average of 32.4% of SI values <1. In contrast, the UIRB, ACAD, DELR, and NECB sites had median SI values for toluene of 38, 10, 7, and 5, respectively, with no SI values <1. The SI values indicate that equilibrium conditions may exist for toluene but are variable among sites.
The MIAM, NECB, SACR, SANA, and UIRB sites had median SI values of 1, 2, or 3 for m-& p-xylene (Table 6 ) with an average of 9.7% of SI values <1, whereas the DELR and ACAD sites had median SI values of 17 and 52, respectively. In general, the C w values for m-& p-xylene were not equal to and tended to be greater than the C w s values at the ACAD, DELR, NECB, SACR, and UIRB sites. However, for a = 0.10, C w and C w s values were not statistically different from each other at the MIAM and SANA sites.
Overall, C w values for MTBE tended to be equal to or greater than C w s values. Considering all sites, the median SI for MTBE was 2 with 44.6% of SI values <1 ( Table 2 ). The Wilcoxon rank-sum test indicated that C w values were not different from C w s values at a = 0.05 but would reject that hypothesis at a = 0.10 (Table 3 ). The C w values tended to be greater than C w s values at a = 0.05. Similar to toluene and m-& p-xylene, equilibrium conditions for MTBE varied among the sites. The LINJ, SACR, and SANA sites had the largest percentages of samples with SI values <1, and the median SI at each site was 1 ( Table 6 ). The Wilcoxon rank-sum test on these three sites alone indicated that C w values for MTBE were not different from C w s values. The ACAD, NECB, and DELR sites had median SI values for MTBE of 14, 14, and 4, respectively, and the UIRB site had only one measurement with an SI value of 662. This would tend to indicate other significant sources than the atmosphere. MTBE concentrations can be related to the percent volume of MTBE in gasoline (Zogorski et al., 2006) . Table 1 identifies high-use (>3% volume in gasoline) and low-use (<3% volume in gasoline) areas. Higher surface water concentrations are associated with high-use areas. The relatively high MTBE concentrations in the Aberjona River also can be associated with a leaking underground storage tank (Robinson et al., 2004) .
The C w values for acetone and benzene tended to be generally equal to C w s values (Figure 2) . The overall median SI values for both compounds were 1 with 43.5% and 32.4% of the values <1, respectively ( Table 2 ). The Wilcoxon rank-sum test indicated that the C w values for both acetone and benzene were not different from the C w s values with a high degree of significance (Table 3 ). The DELR site had a median SI value of 6 for acetone (Table 6 ). Statistical analysis on grouped acetone data for the ACAD and DELR sites indicated that C w values were not equal to the C w s values (a = 0.10) and tended to be greater (a = 0.05). For benzene, all sites tended to be consistently at or near equilibrium (Figure 1) .
The atmosphere as a potential direct source of VOCs to streams is supported when C w s ≥ C w and a similar seasonal pattern is observed in both. Observation of seasonal patterns was limited by the number, duration, and frequency of paired data, and the LTMDL for water analyses. Strong seasonal patterns were indicated in both the C w s and C w data for MTBE and benzene (Table 4 ). The VOC m-& p-xylene indicated a seasonal difference for the C w s data but a weak seasonal difference for the C w data. Acetone indicated no seasonal difference for either C w s or C w data. Toluene indicated a strong seasonal difference for C w s data but no seasonal difference for the C w data. Hornbuckle et al. (1994) , Hoff et al. (1992 Hoff et al. ( , 1996 , and Baker (2000) identified seasonal patterns in the concentrations of semivolatile compounds (such as PCBs) in air and water over the Great Lakes. They generally indicate lower concentrations in surface waters during the summer when volatilization rates are highest and subsequent higher concentrations in surface waters during winter months. MacKay and Bentzen (1997) and Baker (2000) indicate that the overall annual concentrations in air and surface water show a net transfer from the atmosphere to the Great Lakes. The seasonal characteristics of the data presented here are similar. The general observed seasonal pattern is high concentrations during the cold period (October-March) and low concentrations during the warm period (April-September). During the low concentration period (warm period), the C w values commonly decrease to less than the LTMDL. The C w values during the cold period commonly were greater than the LTMDL and were approximately equal to the C w s values indicating the atmosphere as a possible source.
Two conditions that promote the diffusion of VOCs from the atmosphere to urban streams are (1) there are no other substantial sources (stormwater, shallow groundwater, or surface discharges) at any time or frequency to the stream, and (2) the atmosphere must have relatively constant concentration levels for extended periods of time. The overall situation that would promote these conditions is where air is subject to high emissions or sources of VOCs, typically over highly urbanized areas. VOCs in the air mass over these areas can move by advection or diffusion to surrounding areas, which typically are less urbanized and subject to fewer sources. If the concentration in the air is sustained, certain VOCs can diffuse to surface water. Smaller streams will tend to reach equilibrium concentrations more quickly than larger streams (Pankow et al., 1996) . The data used for the evaluation also indicate that, depending on when samples were collected, C w values could be slightly greater or less than C w s values. For the three compounds identified (acetone, benzene, and MTBE), this means that C w values could be slightly above equilibrium as the concentration in the air mass is lowering and or being transported out of the area or that when the C w value is slightly less than the C w s value, the stream concentration may be lagging behind the air concentration. This cyclical action relates to the global movement and distribution of persistent organic pollutants described by Wania and MacKay (1996) , where the surface of the earth (surface water and ground) acts as the media in a fractional distillation process. As VOC concentrations become more sustained over highly urbanized areas, surrounding air masses will have higher sustained concentrations and can serve as a more prominent source to smaller streams.
CONCLUSION
Three of the VOCs evaluated -acetone, benzene, and MTBE -indicate that the atmosphere is a potential consistent source to urban streams at the monitored sites. These compounds also have relatively low dimensionless Henry's Law values, which support the tendency to diffuse from air to water. For other VOCs, the atmosphere can sustain a low concentration in surface water when other sources are not dominant. However, specific conditions causing equilibrium do vary and make it difficult to extrapolate the analysis of equilibrium conditions from site to site and thus identify the need for local and regional monitoring of surface water and air for detailed analysis.
The concentration of VOCs in water and air tends to be seasonal due to both loading and temperature variability. Depending on local conditions, the atmosphere can serve as a source year-round but tends to be a stronger source during winter months.
As VOC concentrations in the atmosphere are sustained and/or increased, the atmosphere will continue to be a potential important source to those small streams that do not have large point-source discharges. Further analysis of atmospheric-stream relations requires very specific paired monitoring of surface water and ambient air over multiple seasons and characterization of local and regional loadings. As various agencies (city, state, and federal) deal with total maximum daily loads, it will be important to recognize the atmosphere as a potential source of VOCs.
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